INTRODUCTION
High-performance rocket engines, that are being developed for the next generation reusable launch vehicles, require active cooling of the thrust surfaces. An effective and rapid method is needed to inspect the critical bond between the liner assembly and the jacket of the thrust cell chamber, to determine its integrity prior to the expense of hot fire testing. Currently, a series of conventional ultrasonic techniques are used to inspect the thrust cell chamber. However, the complexly contoured surfaces prevent 100% inspection. The use of laser-based ultrasound (LBU) techniques have previously been shown to be an effective method for rapid inspection of contoured polymer-matrix composite structures [1] [2] [3] . The transition to inspection of metallic components requires increased spatial resolution to resolve defects of -1.2 mm diameter, in addition to modification for limited access inspection from inside the thrust cell. This paper reports progress on inspection of a heat exchanger NDE standard which demonstrates the resolution capability of the LBU system. LBU inspection of a three-quarter section aluminum rocket nozzle proof part is presented, in addition to data showing the dependence of the thermoelastic generation efficiency as a function of the applied paint thickness.
EXPERIMENTAL APPROACH
The ultrasonic generation efficiency of the thermoelastic process has long been known to depend on the surface boundary conditions of the material being inspected [ 4, 5] . Whilst polymer-matrix composite materials lend themselves to inspection using thermoelastic laser generation and detection, metallic structures do not. To suitably modify the surface boundary conditions to obtain forward propagating longitudinal waves, the surfaces of the metallic samples inspected in this study were coated with a white polyurethane paint. Although elimination of the need for painting these structures is desirable, the stringent inspection demands outweigh the inconvenience of the additional coating procedure. Thus painting the thrust cell liner is an acceptable step to achieve 100% inspection of a flightready system. For many practical NDE applications, assembled hardware geometries dictate that inspection be performed from one side, requiring the generation and detection laser beams to be incident on the same side of the part. Inspection of the interior liner of a rocket engine thrust cell also adds to the requirement for limited access inspection. The concept for the inspection of the thrust cell liner is shown in Figure 1 , where the generation and detection laser beams from the LBU system are scanned over the inner surface of the thrust cell by rotating a mirror that is positioned axially within the thrust chamber. The mirror is rotated 360 0 and translated linearly along the length of the thrust cell, thereby performing a 100% inspection.
The essential features of the LBU system have been described in detail previously [1 ,2] . Briefly, a C02 laser operating at 10.6 11m is used to generate longitudinal ultrasonic waves in the painted metallic components. A long-pulse Nd:YAG probe laser is aligned colinearly with the C02 generation laser and is phase modulated by the arrival of ultrasonic waves at the surface of the part. Aim long spherical Fabry-Perot interferometer is used to demodulate the ultrasonic signal from the probe laser beam and provides an intensity modulation which is detected by a photodiode. For the initial proof-of-concept demonstration, rapid scanning of the stationary rocket engine thrust cell liner was achieved by angular deflection of the generation and probe laser by means of a computer controlled pair of galvanometer scanning mirrors. To obtain sufficiently high spatial resolution, the C02 generation laser and the long-pulse Nd: Y AG probe laser beams were focussed to spot sizes of -1 mm diameter. Figure 2a shows the LBU system experimental configuration for reflection mode ultrasonic C-scan inspection of a heat exchanger NDE test specimen. The heat exchanger NDE test specimen was fabricated to have cooling channel aspect ratio and defect diameters representative of the inspection requirements of a complete thrust chamber. Defects were introduced into the test specimen by using a slitting saw to cut through a region of material prior to assembly, thereby leaving a disbond above the channels at the braze bond interface. The manufacturing process also left the heat exchanger entry surface with a serpentine shape over the channel region, which caused significant difficulties in inspection using conventional immersion ultrasonic techniques. However, the sample was readily inspected through the corrugated surface with the LBU system. Figure 2b shows an amplitude mode C-scan image reSUlting from ultrasonic inspection of the heat exchanger NDE test specimen using the LBU system. The ultrasonic gate was set to include all ultrasonic signals occurring from the near surface to the backwall of the part so that both defects and channels were visualized in the C-scan image. The simulated defects were detected with good resolution. The closely spaced cooling channels are also clearly visible. The channels appear to end before reaching the manifold sections at the left and right hand edges of the image. This artifact is caused by curvature of the channels which results in the probing ultrasonic waves not propagating back to the generation/probe laser location. For a known geometry this could be compensated for by offsetting the generation and detection laser beams by the required amount. Figure 3a shows the experimental configuration for a reflection mode ultrasonic inspection of a three-quarter section aluminum rocket nozzle proof part using the LBU system. This part simulates an actual thrust cell liner and allowed the capability of the LBU system, to inspect complexly contoured surfaces, to be evaluated. A quarter-section was cut away so that inspection from the inside was not required for the proof-of-concept demonstration. Figure 3b shows an amplitude mode ultrasonic C-scan image resulting from a full-area scan of the region accessible through the cut-away section. The area inspected transitioned from a flat region, around a corner having a variable radius of curvature (ranging from -23 mm to -37 mm) and back to a flat region, as shown in Figure 3a . The C-scan results (Figure 3b ) demonstrate that the LBU system was able to clearly resolve the individual cooling channels. The change in contour of the part had no adverse effect on the inspectability when using the LBU technique.
EXPERIMENTAL RESULTS
Several regions of increased ultrasonic amplitude were observed in the C-scan image. The thrust cell uses a pass-and-a-half cooling design, and an abrupt increase in ultrasonic amplitude was detected as the cooling channels became more widely spaced. A portion of this region is highlighted in Figure 3d . opposite sides of the transition region (Figure 3d ). When the channels are widely spaced, a single longitudinal pulse echo (Figure 4a) is detected from the back wall of the thrust cell liner, followed by multiple reverberations. However, when the channels are closely spaced, the initial longitudinal pulse (Figure 4b ) has a double pulse characteristic. Thus, as the channels become closely spaced, spreading of the ultrasonic beam from the laser generation location results in reflections from the side-wall of the channel, thereby reducing the ultrasonic amplitude in the first detected pulse. A similar effect is evidenced near the top of the channels (Figure 3c ), although the increase in ultrasonic amplitude is predominantly caused by a thicker layer of paint in the comer region. It is expected that applying a more uniform paint layer to the thrust cell would eliminate this ultrasonic amplitude variation.
During the C-scan inspection, the generation and detection laser beams experienced incident angles ranging from 0 to -54°. Although the galvanometric method of scanning is very different from what would be used for a real inspection (Figure 1) , the angles of incidence are very similar, and so provided a suitable evaluation of the capability for inspecting the contoured geometry of a thrust cell liner with the LBU system.
LASER-ULTRASONIC GENERATION EFFICIENCY VERSUS PAINT THICKNESS
The incident generation laser pulse produces a localized transient heat source that generates localized strain fields resulting in the generation of ultrasonic waves. Thus for laser-based ultrasonics, unlike conventional ultrasonics, both the efficiency of the transduction process and the spatial distribution of the resulting ultrasonic waves are strongly influenced by the characteristics of the material being inspected. Coatings on the surface of the structure being inspected also strongly influence the transduction efficiency [4, 5] . Additionally we have found that the thermoelastic ultrasonic generation efficiency is strongly dependent on the thickness of white polyurethane paint used to obtain forward directed longitudinal ultrasonic waves in the metal part. To determine the optimum paint thickness needed when inspecting the thrust chamber with the LBU system, measurements have been made on a series of aluminum test samples that were coated with white polyurethane paint having thicknesses ranging from 13-71 ~m (0.5-2.8 mils). The paint thickness was determined using a commercially available eddy current thickness gauge which had an accuracy of ± 1 ~m. Figure 5 shows the variation in thermoelastic ally 
it became necessary to apply multiple layers of paint to avoid nonuniformities in thickness caused by paint running. Figure 5 shows that as the paint thickness increased, so did the detected ultrasonic amplitude with the 71 J.1m (2.8 mil) thick paint layer providing the highest signal-to-noise ratio. There is a discontinuity as the transition is made from single to multiple paint layers, but nevertheless Figure 5 shows that the generation efficiency is increased by 18x as the paint thickness is increased from -13 J.1m to -71 J.1m. Although a peak in ultrasonic generation efficiency was not reached in these experiments, additional oscillations, caused by reverberation within the paint layers, reduce the fidelity of the ultrasonic signal. Figure 6 illustrates the temporal changes in the reverberrant longitudinal ultrasonic waves detected after thermoelastic excitation of an aluminum plate having different paint thicknesses applied to the surface. Paint thicknesses were (a) -23 J.1m, (b) -38 J.1m, (c) -53 J.1m and (d) -71 J.1m. At a paint thickness of71 J.1m, although the generation efficiency is high, the presence of the multiple paint layers causes a narrowbanding of the ultrasonic signal, which ultimately will prevent resolution of the defects of interest. 
CONCLUSIONS
Reflection mode ultrasonic C-scan inspections were performed on a heat exchanger NDE specimen to determine the laser-based ultrasound (LBU) system resolution. These inspections demonstrated that the LBU system was able to clearly resolve all of the defects.
LBU inspection of a three-quarter section aluminum rocket nozzle proof part was successfully completed, with the cooling channels clearly resolved even around the tight radius of curvature. This inspection marks the first time the capability to inspect this structure has been demonstrated, since the tight radii and complexly varying contours preclude the use of conventional ultrasonic techniques.
Application of different thickness paint layers to the surface of the metallic thrust cell was investigated. Results indicated that the thickest paint layer resulted in greatest ultrasonic generation efficiency. However, this was accompanied by a corresponding reduction in the temporal bandwidth of the ultrasonic pulses. Thus a trade-off exists between achieving maximum signal-to-noise ratio and maintaining adequate defect resolution. These preliminary experiments have demonstrated the applicability of the laser-based ultrasound system as an inspection methodology for complicated geometry metallic rocket engine components. The current method of scanning the generation and detection laser beams covered a range of incident angles similar to those expected for a complete flightready hardware inspection performed from the inside of the thrust chamber. To fully demonstrate the technology, a rotary scanning system will be implemented that can traverse the axis of a "work horse" thrust chamber, thereby realizing the limited access inspection capability.
